ABSTRACT Before being applied in oil fields, it is necessary to evaluate the quality of the fracturing proppants, for which sphericity and roundness are the two important parameters. In this paper, we propose a new approach to the sphericity and roundness measurement of proppants based on an image processing method. First, the OTSU method is introduced to binarize proppant image, and the statistical analysis is performed to divide the image into proppant regions and non-proppant regions. Second, after filling small holes, edge curves of all proppants were obtained by the Canny operator. Third, for all 20 images in the standard template, according to their corresponding sphericity and ratios between the radius of maximum inscribed circle and the radius of the minimum circumscribed circle, a fitting curve with maximum coefficient of determination was obtained, which could determine any proppant's sphericity. Fourth, the edge curve of any proppant was divided into several segments and curve fitting method was used to obtain a curve function for each segment. Finally, the roundness of any proppant was obtained based on curvature radius of all points in the edge curve and radius of its minimum circumscribed circle. Actual proppant's evaluation experiments showed that our approach was closest to the artificial determination using a standard template in terms of precision.
I. INTRODUCTION
The importance of the shape of particles has been shown in many fields, such as grain classification and proppant verification. Many studies have been applied in the investigation of particle shape in the natural world, mostly based on the definitions of sphericity -the overall particle shape and similitude with a sphere, and roundness -the description of the particle's corners, which were all proposed by Wadell [1] . Krumbein [2] has proposed a visual roundness and sphericity template to determine roundness and sphericity of particles, which is one of the most widely employed methods. However, such a method mainly compares particles' images with the templates in the chart, and therefore, the derived roundness and sphericity are subjective because the procedure depends on personal observation and the results from different people may differ from each other. Average time consumption of this procedure for 20 particles' measurement is usually at least 60 seconds, so it is an obvious shortcoming of the method of artificial determination based on this chart, and its efficiency is at a relatively low level. Another approach involves the quantitative determination of many shape parameters indicating different aspects, and many evaluation methods have been designed to reveal the relationship between the shape of particles and these parameters [2] .
Generally speaking, there are two methods of particle shape measurement: fractal geometry based on image and parameters based on image. In recent years, fractal geometry techniques have been applied in many fields, including biology, geography, meteorology, and material science. Meanwhile, in civil engineering, there have been more and more applications of fractal geometry. Many studies have been carried out to determine the particle fractal dimensions [3] , [4] . There is also other research devoted to the effect of fractal dimension of particles on engineering properties of soils [5] - [7] . In order to construct the relationship between the fractal dimension and shape properties, Arasan et al. [8] proposes that fractal geometry uses the concept of fractal dimension, DR, as a way to describe the shape of particles. In his study, the fractal dimensions and shape properties of particles are determined using image analysis. Exponential relationships between the fractal dimension and roundness, sphericity, angularity, convexity are described. Pan et al. [9] has proposed a proppant measurement algorithm based on fractal dimension and shape context method algorithm, in which he uses shape context to compute radius-angle distribution curve for edges detected for determining the sphericity of each proppant, and uses the fractal dimension theory to determine the roundness of each proppant.
More recently parameters in image analysis based on a computer aided method has been applied on sieving research [10] bringing to the industry new practical methods to determine the particle size with good results. Particle shape analysis with computer-assisted methods have brought great help to reduce dramatically the measuring time [11] , [12] . Pei et al. [13] proposed a proppant measurement method based on computer image processing technology. He uses parameters of each proppant including area, perimeter, maximum inscribed circle and minimum circumscribed circle, and curvature of corner points to determine the proppants' roundness and sphericity.
Rodriguez et al. [14] shows that geotechnical analysis has been lacking an objective and rational methodology to classify shape properties by quantitative measures. Recent developments in image analysis processing have opened up new avenues for classification of particles by shape. In Rodriguez's study, 2D-image analysis techniques have been adapted to classify particle shapes for coarse-grained materials. Rodriguez's study covers a review of soil classification methods for particle shape and geometrical shape descriptors. The image analysis as quantitative methodology is used to investigate how the results are affected by resolution, magnification level and type of shape describing quantity. Moreover, Rodriguez et al. [15] has reviewed particle shape quantities and measurement techniques. He classifies the particle shape into three categories: sphericity, roundness and roughness. Meanwhile, he points that the categories are scale dependent and the major scale belongs to sphericity, while the minor belongs to roughness. His overview shows that there is no agreement on the usage of the descriptors and is not clear which descriptor is the best. With the development of computer vision technology, image analysis seems to be a promising tool for shape analysis, due to its low time consumption and repeatability of experiments as its major advantages. Furthermore, he discusses the effects of image resolution on shape descriptors.
Wang et al. [16] implemented an approach to evaluate the roundness of limestone particles using corner detection and calculating the radius of maximum inscribed circles. Zhang et al. [17] evaluated the shape of breakstone using the original method shown in [1] and [2] . For descriptors of particle shape of sandy soil, Fang et al. [18] used Fourier transform to calculate the roundness and sphericity based on [1] and [2] .
Takashimizu and Liyoshi [19] proposes a new parameter of roundness to denote circularity corrected by aspect ratio. The basic concept of this new roundness parameter is given by the following equation:
where Circularity_perfect_circle is the maximum value of circularity and Circularity_aspect_ratio is the circularity when only the aspect ratio varies from that of a perfect circle. Based on tests of digital circle and ellipse images using ImageJ software, the effective sizes were found to range between 100 and 1024 pixels, and aspect ratios of such images for the calculation of R were found to range from 10:1 to 10:10, respectively. R is thus given by:
where CI is the circularity measured using the ImageJ software and CAR is the sixth-degree function of the aspect ratio measured using the same software which has a strong correlation and high adjusted coefficient of determination, and 0.913 denotes the degree of roundness of a shape if its perimeter is highly rounded in the matter of image processing. The correlation coefficient between the new parameter R and Krumbein's roundness is 0.937 (adjusted coefficient of determination is 0.874). Results from the application of R to modern beach and slope deposits showed that R is able to quantitatively separate both types of material in terms of roundness. At present, there are several standards for fracturing proppants performance tests such as the American high-strength proppant test method API RP60, the international standard ISO 13503-2 fracturing proppant evaluation method, the Chinese industry standard SY/T5108-2006 ''Specification and recommended testing practice for proppants used in hydraulic fracturing operations'' and the Chinese oil company corporate standards Q/SY125-2007 ''Standard for evaluating the performance of fracturing proppant''. In general, the most popular sphericity and roundness of proppants measurement method usually uses the template proposed by Krumbein and Sloss in the API RP60 method, shown in Figure 1 . The standard proppant measurement procedure called artificial determination is shown as follows: firstly, arbitrarily pick 20 to 30 proppants as the sample proppants. Then place them under a microscope and take photos. Subsequently, determine the sphericity and roundness of each proppant according to the template by observers. Finally, calculate the average sphericity and roundness of all sample proppants. Because of the subjective of the artificial determination method, we usually turn to the computer-aided method, namely fractal geometry based on image and parameters based on image methods. But fractal geometry based on image cannot reveal the direct relationship between the fractal dimensions and roundness or sphericity of particles. Especially, for the 20 images in the standard template, their fractal dimension values derived by fractal geometry method cannot correspond their roundness and sphericity values. All methods above using parameters based on image method usually use simple equations [14] to compute roundness and sphericity of particles, which also cannot correspond their roundness and sphericity values for 20 images in the standard template. In order to reveal the direct relationship between parameters derived from proppants images and both roundness and sphericity of particles, a whole framework of measurement based on image processing is established.
II. METHODS
In the proposed framework, there are three steps for sphericity and roundness measurement of proppants including preprocessing of proppant images acquired from microscopes, sphericity measurement and roundness measurement.
A. PREPROCESSING OF PROPPANT IMAGES ACQUIRED FROM MICROSCOPE
The proppants images acquired from microscopes always have some shortcomings, namely there may be noise and some non-proppant targets. Figure 2 (a) shows 4 proppants under the microscope. Therefore, it is necessary to apply some image preprocessing steps on them. The details are shown below:
Step 1. Image smoothing and denoising. Both Gaussian and Wiener filtering algorithms are used in this part to reduce the noise in the image.
Step 2. Image binarizing. An OTSU method named after Nobuyuki Otsu [20] is introduced to extract each proppant in the image. The binary result of Figure 2 (b) is shown in Figure 3 .
Step 3. Segment and holes filling. In the binary image, there may exist some regions that do not indicate the presence of proppants. Meanwhile, some holes may exist in the proppants region extracted. Filling these holes is performed to prevent generating wrong edges in the edge extraction of proppants in the subsequent step.
Step 4. Edge extraction for each proppant. The Canny operator is introduced to extract the edges for each proppant in terms of efficiency although there are some advanced methods like edgeflow [21] , [22] . The edge extraction result of Figure 2 (a) is shown in Figure 2 (c).
B. SPHERICITY MEASUREMENT
In the template proposed by Krumbein and Sloss in API RP60, there are 20 particles and are divided into 4 rows, each corresponding to a sphericity value. In this section, the relationship between sphericity values of the shape of each particle in the template and each proppant are discussed. The details are described below:
Step 1. For each particle in the template, extract their boundary edges using the method introduced before. Then, obtain the radius of maximum inscribed circle r i and the radius of minimum circumscribed circle R i of each boundary edge, where i is the serial number of each particle.
Step 2. The ratio of the maximum inscribed circle radius r i and the minimum circumscribed circle radius R i of each particle in the template is D = r i /R i . This ratio, together with the corresponding sphericity Q i of each particle are used to construct a dataset including 20 data pairs {D i , Q i }, shown in Table 1 . In addition, there are another two data pairs, which are {D i = 1, Q i = 1} for the standard circle and Step 3. For the proppants image, extract boundary edge of each proppant using the method introduced before, then obtain the radius of maximum inscribed circle r j , the radius of minimum circumscribed circle R j of each boundary edge and the ratio D j . Finally, use (3) in step 2 to determine the sphericity Q j , where j stands for the serial number of each proppant.
It is worth noting that in step 2, for the 22 data pairs, the curve-fitting experimental results show that only 
C. ROUNDNESS MEASUREMENT
According to the 20 particles in the template, the roundness is related to their shape, especially the sharpness of their edges. In order to describe the relationship between roundness and edges' sharpness, a corner detection algorithm [23] is introduced to extract corners in each edge. Roundness is determined by considering the relationship between the curvature radius of each corner in the edge and the radius of the maximum inscribed circle for each edge. In particular:
Step 1. The corner detection method is applied on each edge extracted. The corner points detected are denoted by red asterisks in Figure 2(d) .
Step 2. For the edge of any proppant particle, if the number of corner points N = 0, the roundness of it is set to Y = 0.9. Otherwise go to Step 3.
Step 3. Divide the edge of each proppant into several segments and fit each segment with a high-order curve, which has a maximum coefficient of determination. Step 4. For each corner point, according to which segment it stays in, use the corresponding curve equation to obtain its curvature radius as shown in (4) below. In (4), m is the serial number of each corner point.
Step 5. Roundness is calculated by (5), where i is the serial number of each particle, r i is the maximum inscribed circle radius of the corresponding proppant and N is the total number of corner points of the corresponding proppant.
It is worth noting that, in Step 3, how many segments should the edge of each proppant be divided into and how many order curve should be selected to fit all segments are the key problems. The average coefficient of determination provides us the solution. In Figure 4 , taking an edge of a proppant in Figure 2 (c) as an example, different colors of curves denote corresponding fitting curve of different segments. The average coefficient of determination of different order curves for different numbers of segments for the proppant edges is shown in Table 2 . The figure shows that dividing the curve into four segments has a biggest average coefficient of determination, with the 5-order curve owning the maximum one. For this proppant, dividing its edge into four segments and each segment being fitted with 5-order curve is the best choice. So, for any proppant, when trying different numbers of segments and different numbers of order curves, the best choice is just finding the solution with maximum average coefficient of determination. Through some tests for special particles, such as the particle shown in Figure 5 , it is found that only one corner point (red circle) has been detected. However, the curvature radius of it is far less than the maximum inscribed circle radius, so the roundness of the particle computed based on (5) is 0.17 if only using the corner points, and this is called unimproved method in Table 3 . It is found that the roundness does not match the corresponding roundness according to the template, which should be 0.7, shown in Table 3 .
Based on this observation, the procedure of roundness measurement is improved as follows: Steps 1 to 3 remain unchanged. Equation (4) in step 4 and (5) in step 5 are not limited to corner points, and all points in the boundary edges of each proppant are included in the improved version of the procedure, and this is called improved method. The comparative experimental results of different methods for Figure 5 are shown in Table 3 .
III. EVALUATION
In order to show the effectiveness of the proposed method, according to the standard proppant measurement procedure, a few actual proppants made by different materials are used for experiments, seen in Figure 6 and Figure 7 . In order to prevent the adhesion between the proppants, a perforated metal plate is used as the placement plane, which is different from the organic glass plate in Figure 2 . Therefore, a lot of noise exist in the image which will lead to wrong extraction results if we apply threshold segmentation method in Figure 6 or Figure 7 directly. In order to accurately extract the proppant particles' regions, we fix the metal plate in advance, and then take pictures of the metal plate. The proppant particles are then placed in each hole and pictures including proppant particles are taken subsequently. The region of the proppant particles are extracted using the two pictures by subtraction method, and then the edges of the proppant particles are extracted shown by the red edges in both figures. In Figure 6, 23 proppants are made of bauxite and in Figure 7 , 23 proppants are made of quartz sand. Our experimental platform is a computer with Windows10 OS, I7 CPU cores, RAM of 8GB, SSD of 256 GBytes. We use Matlab R2010a for the simulations. The comparison experimental results of different proppants with different methods including template method, Pan's method [9] , and Pei's method [13] are shown in Table 4 and Table 5 .
In order to produce the reports of roundness and sphericity measurement for fracturing proppant in line with the Chinese industry standard SY/T5108-2006 ''Specification and recommended testing practice for proppants used in hydraulic fracturing operations'' in which template method was used, and the roundness and sphericity values are several fixed values in the template method, it is necessary to convert the roundness and sphericity values obtained by the proposed method into the values of the template method according to the principle of proximity. Two error functions are defined to describe the closeness of sphericity and roundness by the proposed method to the template method respectively, shown in (6) and (7) . Figure 6 .
where, SE indicates the sphericity error between template method S t and other methods S i including Pan's method, Pei's method and the proposed method, RE indicates the roundness error between template method R t and other methods R i including Pan's method, Pei's method and the proposed method. After converting the sphericity and roundness obtained by the proposed method into the values of template method, errors of sphericity and roundness of Table 4 and  Table 5 between the template method and other methods are shown in Table 6 and Table 7 .
Based on the comparison experimental results in Table 4  and Table 5 , we can find that for proppants of both two materials, template method is the most inefficient method because of the longest consumption time, and the other three methods have similar efficiency. From Table 6 , for proppants made of bauxite, all the other three methods can get the results very close to the template method with very small errors and have higher efficiency than the template method. Meanwhile, both the average sphericity and roundness of the proppants made of bauxite are greater than 0.8, which indicates that this batch of proppants are qualified and can be used in oil field. But for proppants made of quartz sand, both Pei's method and Pan's method have errors in the results with template method for some proppants from Table 7 , only the proposed method has the closest result compared with the template method for all proppants. Meanwhile, for the proppants made of quartz sand, the average sphericity is 0.68, VOLUME 7, 2019 and the average roundness is 0.67, which are all less than 0.8. Therefore, the bath of proppants are unqualified and cannot be used in oil field.
IV. CONCLUSIONS AND DISCUSSION
At present, the sphericity and roundness of proppants are always measured through visual observation by humans, called artificial determination. The efficiency and precision of it are influenced greatly by the observers. How to improve the automation, efficiency and precision of sphericity and roundness measurement, and make the measurement procedure reproducible has become problems need to solve urgently. Both the measurement methods including fractal geometry based on image and parameters based on image can solve the problems mentioned above. But for the standard template the output derived from the former method (fractal geometry) cannot reveal the direct relationship with the roundness and sphericity of proppants, and the determination formula used in the later method (parameters) cannot figure out the results corresponding to ones in the standard template. Relatively, parameters based on image method can reveal more intuitive and precise relationship between the parameters of proppant edge and its roundness and sphericity. In the proposed framework, through a lot of efforts, we have established the corresponding equations by using the curve fitting method to establish the relation between the parameters of the proppant edge curve and the roundness and sphericity of the proppant, and make the determination result consistent with the standard template. Through the experimental results and analysis, it is found that the sphericity and roundness values obtained by the proposed framework are in good agreement with those obtained by the artificial determination -visual observation by humans. And the efficiency of the proposed algorithm is much higher than the artificial determination, meanwhile it is reproducible avoiding the subjective influence by the observers. In future work, we plan to construct the relationship between parameters of proppant edge curve and the roundness and sphericity of proppant through some machine learning methods, such as extreme learning machine [24] , boosted regression trees [25] , or artificial neural network.
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